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Globally, enterotoxigenic Escherichia coli (ETEC) is a leading cause of childhood and travelers’ diarrhea, for which an effective
vaccine is needed. Prevalent intestinal colonization factors (CFs) such as CFA/I fimbriae and heat-labile enterotoxin (LT) are
important virulence factors and protective antigens. We tested the hypothesis that donor strand-complemented CfaE (dscCfaE),
a stabilized form of the CFA/I fimbrial tip adhesin, is a protective antigen, using a lethal neonatal mouse ETEC challenge model
and passive dam vaccination. For CFA/I-ETEC strain H10407, which has been extensively studied in volunteers, an inoculum of
2 � 107 bacteria resulted in 50% lethal doses (LD50) in neonatal DBA/2 mice. Vaccination of female DBA/2 mice with CFA/I fim-
briae or dscCfaE, each given with a genetically attenuated LT adjuvant (LTK63) by intranasal or orogastric delivery, induced
high antigen-specific serum IgG and fecal IgA titers and detectable milk IgA responses. Neonates born to and suckled by dams
antenatally vaccinated with each of these four regimens showed 78 to 93% survival after a 20� LD50 challenge with H10407,
compared to 100% mortality in pups from dams vaccinated with sham vaccine or LTK63 only. Crossover experiments showed
that high pup survival rates after ETEC challenge were associated with suckling but not birthing from vaccinated dams, suggest-
ing that vaccine-specific milk antibodies are protective. In corroboration, preincubation of the ETEC inoculum with antiadhesin
and antifimbrial bovine colostral antibodies conferred a dose-dependent increase in pup survival after challenge. These findings
indicate that the dscCfaE fimbrial tip adhesin serves as a protective passive vaccine antigen in this small animal model and merits
further evaluation.

Enterotoxigenic Escherichia coli (ETEC) is a leading cause of
bacterial diarrhea in countries where resources are limited. It

accounts for an estimated 121,000 deaths annually, a third of
which occur in children under 5 years of age (1, 2), and is the
leading cause of travelers’ diarrhea (3). ETEC diarrhea and resul-
tant dehydration are due to the elaboration of fimbrial coloniza-
tion factors (CFs) that facilitate small intestinal adherence and
production of a heat-stable (ST) and/or heat-labile (LT) entero-
toxin that promotes the loss of electrolytes and water, though the
details of pathogenesis are arguably more complex (4). Among the
many ETEC CFs that have been implicated in human disease,
CFA/I fimbria is one of the most common and is archetypal of
eight genetically related class 5 ETEC fimbriae (5, 6). CFA/I fim-
briae are composed of a polymeric tract of the major subunit CfaB,
arranged in a helical stalk, and the tip-localized minor subunit
CfaE with adhesive properties (7, 8). Accumulated evidence indi-
cates that CFA/I fimbriae and LT can function as protective anti-
gens (9–14).

Due to the appreciable morbidity and mortality attributable to
ETEC diarrhea, development of a vaccine has been pursued,
though none are as yet licensed for use (15, 16). LT and LT-like
vaccines have been shown to confer protection but are hampered
by limited coverage and durability (12–14). New whole-cell live
and inactivated vaccines containing both fimbriae and LT-based
components are currently in clinical evaluation (17–19). Elucida-
tion of the structure and function of CFA/I fimbriae suggests an
alternative approach that targets the tip-localized adhesin to more
specifically elicit antiadhesive immunity to abrogate the initial
step of ETEC colonization. Toward this end, a highly stable form

of CfaE has been engineered using in cis donor strand comple-
mentation (referred to here as dscCfaE) that assumes native, Ig-
like domain structure and retains its adhesive function (7, 20).

Physiologically true animal models of disease for human-spe-
cific ETEC are lacking, although several imperfect models have
been used to study pathogenesis and evaluate vaccines and thera-
peutics (21–29). A lethal neonatal mouse model has been used
to study the pathogenesis of bovine ETEC and more recently to
assess virulence features and test vaccines of human ETEC (30–
37). In the present study, we developed a lethal neonatal mouse
challenge with ETEC strain H10407, a CFA/I-ETEC challenge
strain that has been extensively used in volunteer challenges
(38) and then applied it to test the hypothesis that the dscCfaE
fimbrial tip adhesin serves as a protective antigen. We showed
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that dscCfaE antibodies confer protection against lethal chal-
lenge when provided through passive transfer in maternal milk
or exogenously by administration of hyperimmune antiadhe-
sin bovine colostrum.

MATERIALS AND METHODS
Bacterial strains and growth conditions. ETEC strain H10407 (serotype
O78:H11; CFA/I; LTSThSTp) was originally isolated from a Bangladeshi pa-
tient with severe diarrhea (39) and has been used extensively in volunteer
challenge studies (10, 38). ETEC strain 258909-3 strain (serotype O128:H?;
CFA/I; LTSTh), another severe diarrhea isolate from Bangladesh (40, 41) has
previously been established as pathogenic in the neonatal mouse challenge
model (31, 33). 258909-3M is a derivative of 258909-3 that has been cured of
the plasmid that encodes CFA/I, LT, and STh (40). These strains were kindly
provided by Ann Mari Svennerholm (Göteborg University, Göteborg, Swe-
den). For routine bacterial propagation, bacteria were grown in Luria-Bertani
medium. For pup challenge, hemagglutination, and Caco-2 cell adherence
assays, cultures were grown on CFA agar (42).

Preparation of CFA/I fimbriae, dscCfaE, and LTK63. CFA/I fimbriae
were purified from ETEC strain WS1933D (serotype O71:H-; CFA/I;
STh), with a serotype distinct from the ETEC challenge strains used
here. Purified CFA/I (lot 1096) was produced at the Walter Reed Army
Institute of Research Pilot Bioproduction Facility (Silver Spring, MD)
under current good manufacturing practice (cGMP) conditions.
WS1933D was grown in a fermentor containing Dulbecco modified
Eagle medium and Ham F-12 medium at 37°C to late logarithmic
phase, and the cell pellet was harvested by continuous flow centrifu-
gation and resuspended in phosphate-buffered saline (PBS). The sus-
pension was treated at 62°C for 20 min and then centrifuged. The
resulting supernatant was subjected to hollow fiber tangential flow
microfiltration (0.22-�m filter and 500,000 molecular-weight-cutoff
ultrafilters), and the filter retentate was precipitated with ammonium
sulfate to a final saturation of 25%. The precipitate was diafiltered into
PBS and filtered (0.22-�m-pore-size membrane) for sterilization.

Cloning and characterization of the recombinant dscCfaE fimbrial tip
adhesin followed previously described procedures (20). In brief, a pET-
24(a)�T7 expression plasmid was engineered to express CfaE with a C-
terminal extension consisting of a short hairpin linker, followed by the
N-terminal 19 amino acid residues of CfaB (CFA/I major subunit) and a
hexahistidine affinity tag. Induced cultures of the expression clone were
disrupted by microfluidization, and dscCfaE was purified in a two-step
process of nickel affinity and cation-exchange chromatography as de-
scribed previously (43).

The mucosal adjuvant, LTK63 (Ser63 to Lys), a nontoxic derivative of
LT, was constructed via site-directed mutagenesis in the genetic back-
ground of the LT (LTh) produced by the H10407 strain and purified as
previously described (44). LTK63 has been previously been shown to have
undetectable ADP-ribosylation activity (45).

The final preparations of CFA/I, dscCfaE and LTK63 used here were
shown to be in excess of 95% purity. Endotoxin removal was not required
for dscCfaE preparations, whereas purified CFA/I was treated with Triton
X-114 to lower the endotoxin content. The residual endotoxin contents in
both antigens (CFA/I and dscCfaE) were �1 endotoxin unit (EU)/�g of
purified protein. Contaminating lipopolysaccharide present in the LTK63
samples was removed by using Detoxi-Gel (Pierce), resulting in final
preparations that contained �20 EU/�g of purified protein, as deter-
mined by the LAL assay (Lonza).

Immunodetection of CFA/I, dscCfaE, and LTK63 in purified fim-
brial, subunit, and adjuvant preparations. Purified CFA/I, dscCfaE, and
LTK63 were separated by SDS-PAGE and stained with Coomassie blue or
transferred to nitrocellulose membranes. The latter were subject to
immunoblot analyses, using polyclonal anti-CFA/I, anti-CfaE, or anti-
LTK63 specific antisera in the primary reaction and horseradish per-
oxidase-conjugated rabbit anti-mouse IgG antibody (Sigma) as the

secondary detection reagent, followed by development with a Super-
Signal detection kit (Pierce).

Preparation of hyperimmune anti-CFA/I and anti-CfaE bovine co-
lostral IgG. The two bovine colostral IgG preparations were produced by
ImmuCell Corp. (Portland, ME). Pregnant cows were immunized during
the dry period by the intramuscular route with a series of three doses at
3-week intervals of dscCfaE (500 �g/dose) or CFA/I (250 �g/dose), each
mixed with an oil-based adjuvant. After parturition, bovine colostrum
was collected and the IgG-rich whey fraction was obtained as the by-
product of a standard cheese making process. The whey was further pro-
cessed by pasteurization, diatomaceous earth clarification, diafiltration,
heat treatment, and freeze-drying. Final preparations were milled to a
semifine off-white powder. Each preparation was characterized for total
protein (Kjeldahl method) and IgG content (SDS-PAGE and densitome-
try). Skim milk was used as a placebo preparation in the passive protection
studies.

The two bovine colostral IgG preparations were tested for potency by
measurement of antibody levels to the homologous antigen by enzyme-
linked immunosorbent assay (ELISA) in a 96-well microtiter format.
Cross-reactivity of each product to either dscCfaE or CFA/I was also mea-
sured by ELISA. Functional (antiadhesive) antibody activity was mea-
sured in a hemagglutination inhibition (HAI) assay in which the milk
antibodies were tested for inhibition of CFA/I-ETEC (H10407) induced
mannose-resistant hemagglutination (MRHA) of human type A erythro-
cytes. Activity was expressed as the lowest IgG concentration (�g/ml) that
completely inhibited MRHA.

Vaccination regimens. Mice were supplied by the Isogenic Mouse
Breeding Facility of the Department of Immunology, Biomedical Sciences
Institute (ICB), University of São Paulo (USP), and all procedures of this
study followed the ethical principles for animal experimentation adopted
by the Brazilian College of Animal Experimentation (COBEA) and were
approved by the Ethics Committee on Animal Experiments of the Insti-
tute of Biomedical Sciences (protocol 106:36v2), University of São Paulo.
Groups of 10 female DBA/2 mice ranging from 6 to 8 weeks old were
subjected to light anesthesia (75 mg/kg ketamine [10%] plus 10 mg/kg
xylazine [2%]) for inoculation via the intranasal (i.n.) route at a volume of
10 �l administered dropwise to the external nares of each mouse using a 2-
to 20-�l Pipetteman (Rainin Instrument). Vaccination by the orogastric
(o.g.) route was performed with a stainless-steel round tip gavage cannula
with a total volume of 500 �l. Sham-vaccinated mice had with the same
volumes of PBS administered. CFA/I or dscCfaE were administered at
doses of 25 �g for i.n. vaccine regimens, or 125 �g for o.g. vaccination,
combined or not with LTK63 adjuvant (10 �g for both administration
routes). The vaccination regimen consisted of three doses given at 2-week
intervals. Bleeds from the retro-orbital plexus were performed 1 day be-
fore each inoculation and 2 weeks after the last dose. One week before the
last dose, male DBA/2 mice were introduced into the cages of the vacci-
nated females for a maximum period of 1 week. Two weeks after the last
dose, sera and fecal samples were collected. Fecal samples were collected
for one night and per mouse group subjected to the same immunization
procedure. Fecal pellets were freeze-dried and stored at �20°C. Fifteen
pellets (�0.6 g) were homogenized in PBS and centrifuged at 10,000 � g
for 10 min at 4°C, and the supernatants were collected to detect LTK63-,
CFA/I-, or CfaE-specific IgA by ELISA. Milk samples were surgically re-
moved from the stomachs of 6- to 7-day-old suckling mice. The stomach
contents were removed, homogenized with 2 volumes of PBS per sample
weight, and centrifuged at 10,000 � g for 10 min. The supernatants were
collected and kept frozen at �20°C until measurement of the LTK63-,
CFA/I-, or CfaE-specific IgA.

ELISA. LTK63-specific serum IgG and mucosal IgA titers were deter-
mined by GM1-ELISA (44), using purified LTK63 as GM1-binding mol-
ecule, whereas anti-CFA/I and CfaE antibodies levels were evaluated by
conventional ELISA, using plates coated with CFA/I fimbriae or dscCfaE
(32, 33). Serum anti-LTK63 and anti-CFA/I and anti-CfaE IgG (total IgG
and IgG1/IgG2a subclasses) titers were measured with a horseradish per-
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oxidase-conjugated rabbit anti-mouse IgG antibody (Sigma) diluted to
1:3,000. Titers of LTK63-, CFA/I-, or CfaE-specific IgA antibodies in fecal
and milk extract were determined using horseradish peroxidase-conju-
gated goat anti-mouse IgA (Sigma). The assays were conducted using
duplicate samples and repeated at least three times. The results are ex-
pressed as titers and are defined as the highest sample dilution with an
A492 of �0.2 compared to preimmune sera or fecal or milk extracts.

Inhibition of ETEC adherence to Caco-2 cells and HAI. Polarized
Caco-2 cell adherence assays were performed as described previously (32)
with minor modifications. Briefly, Caco-2 cells were maintained in Dul-
becco modified Eagle high-glucose medium (DMEM high glucose) sup-
plemented with gentamicin (100 �g/ml), kanamycin (50 �g/ml), L-glu-
tamine (2 mM), 100 �M minimum essential medium nonessential amino
acid solution (Invitrogen), and 10% fetal calf serum in a humidified at-
mosphere containing 5% CO2 at 37°C. Cells were seeded in 24-well plates
(Costar), loaded with tissue culture-treated glass coverslips (Fisher Scien-
tific), incubated for 14 days (�1 day) to confluence and to reach for
differentiation phenotype, washed with PBS, and covered with 750 �l of
the supplemented DMEM high glucose prior to the assay. Bacterial strains
were grown on CFA agar overnight at 37°C and suspended to 109 bacte-
ria/ml in supplemented DMEM high glucose with 1% (wt/vol) D-man-
nose. The suspension was incubated with serum pools collected from
vaccinated mice (at a normalized concentration corresponding to a final
reciprocal titer of 400 with the tested antigen) and then added to the tissue
culture wells at a final concentration of 107 bacteria/ml. The plates were
incubated for 3 h and then washed, fixed, stained, and mounted as de-
scribed previously (6) and were then observed microscopically. Incuba-
tion with the different polyclonal sera did not reduce viability of the bac-
terial cells. The number of adherent bacteria in 100 randomly selected cells
was determined and is represented both as the percentage of the average
number of cells with at least one adherent bacterium and as the number of
adherent bacteria per cell with at least one adherent bacteria. For each
serum sample, a minimum of three experiments was performed in dupli-
cate to determine the adherence indices, and the results were expressed as
the means � the standard deviations (SD). HAI was performed at room
temperature for 30 min in humidified chambers with aliquots (20 �l) of a
3% suspension of human group A erythrocytes that had been washed in
PBS and added to bacteria previously incubated with the diluted serum
samples. Twofold serial dilutions of the tested serum samples were incu-
bated with 107 cells of the ETEC strain H10407 and incubated at room
temperature for 1 h before admixing with the red blood cells. The results
were evaluated by visual inspection. The maximal dilutions inhibiting the
hemagglutination reaction were recorded. D-Mannose was added at a
concentration of 1% (wt/vol) to the dilution buffer (PBS) to avoid binding
mediated by type 1 fimbriae. The test was repeated independently at least
three times.

Neonatal mouse lethal ETEC challenge model. The neonatal mouse
ETEC challenge model was described by Duchet-Suchaux et al. (36, 46)
and was subsequently adapted to test the protective passive immunity
conferred by CFA/I-based vaccines (31–33). In keeping with a prior re-
port, neonatal CBA mice were found to be the most susceptible of several
inbred mouse strains to intragastric CFA/I-ETEC challenge in screening
experiments, but high rates of cannibalism after CBA pup handling con-
founded outcomes (unpublished observations). Hence, the DBA/2 mouse
strain was selected for use here based on moderate susceptibility to CFA/
I-ETEC challenge and more docile maternal behavior with a lower asso-
ciated incidence of cannibalism.

One- or two-day-old DBA/2 mouse pups were challenged by direct
intragastric inoculation with different bacterial loads using disposable sy-
ringes with ultrathin needles for insulin administration (needle size, 12.7
by 0.33 mm; BD). Inoculation of the bacterial strain was facilitated by the
presence of previously ingested milk that had accumulated in the stom-
achs of newborn mice. The 50% lethal dose (LD50) was determined after
inoculating neonatal mice with different bacterial loads ranging from 105

to 109 CFU. For challenge experiments with vaccinated dams, a bacterial

load of 4 � 108 CFU, corresponding to approximately 20� LD50 for ETEC
strain H10407, was routinely used. Survival was monitored for a period of
8 days. Only pups dying �24 h after ETEC challenge were considered in
calculating survival because deaths associated with manipulation occur
up to 24 h after handling. Deaths associated with ETEC challenge were
recorded from days 1 to 8 postchallenge. Litters from 8 to 10 dams receiv-
ing each vaccination regimen were used in the challenge experiments.
Because the number of pups per litter varied from 4 to 6, the final numbers
of challenged newborns ranged from 11 to 32 for each tested condition.
Sixteen pups were challenged with ETEC H10407 (20� LD50) and, after
48 to 72 h, were euthanized to collect systemic blood used in blood culture
and PCR assays. Blood samples (100 �l) were poured on MacConkey agar
plates and incubated at 37°C overnight. The presence of ETEC was
screened by PCR amplification of the genes cfaB (with the primers
CFA5Fw [5=-GAGGAAAGATCTATGGAGAAAAATATTACTGTAA
CAG] and CFA3Rv [5=-CGACGTCTCTAGAACTGGATCCCAAAGTCA
TTACAA]) and eltB (with the primers ELTBFw [5= TCT ATG TAG ATC
TAT GGC TCC TCA GTC TAT TAC AGA 3=] and ELTB2Rv [5=-TTT
TAA TTC TAG ATT AGT TTT CCA TAC TGA TTG CCG C-3=]).

Passive protection conferred by bovine colostral IgG preparations.
Bacterial cells cultivated on CFA plates for 18 h at 37°C were gently sus-
pended in pyrogen-free physiological saline to a final concentration of 109

CFU/ml. Bacterial cell aliquots containing 2 � 107 CFU, corresponding to
approximately 20� LD50 for ETEC strains 258909-3 (31–33), were mixed
with bovine colostral IgG preparations. The mixtures were incubated at
room temperature for 1 h and then inoculated (in a volume of 70 �l)
intragastrically into neonatal mice born to nonimmunized dams. As a
negative control, we used the 258909-3M strain (mETEC). Newborns that
died between 24 h and 8 days after the lethal challenge were considered in
the determination of mortality rates.

Statistical analyses. The results were analyzed with GraphPad Prism 5
software. The statistical significance for the Kaplan-Meier survival curve
was calculated with a Mantel-Cox test. The significance of neonatal pas-
sive protective efficacy was determined in dam vaccination, crossover, and
bovine colostral IgG preincubation experiments by applying a two-tailed
Fisher exact test comparing survival rates between each treatment group
and the corresponding control group. P values of 	0.05 were considered
statistically significant. Comparisons between immunized groups were by
one-way analysis of variance (ANOVA) with Bonferroni’s multiple-com-
parison test, and significance was assessed at P values of 	0.05, 	0.01, or
	0.001 throughout the study.

RESULTS
Identity and purity of vaccine components. Examination of the
protein vaccine antigens and adjuvant used in the present study
was carried out by SDS-PAGE and Western blot analyses, con-
firming their identity and purity (see Fig. S1 in the supplemental
material).

Induction of systemic and secreted antibody responses in
vaccinated mice. Female DBA/2 mice immunized via one of two
mucosal (i.e., orogastric [o.g.] or intranasal [i.n.]) routes with
CFA/I fimbriae or dscCfaE developed high vaccine-specific anti-
body responses that were detected in both serum (IgG) and feces
(IgA) starting after a single vaccine dose (Fig. 1A to D). Further
increases in antibody titers were detected following a second and
third dose. Coadministration of LTK63 with each vaccine aug-
mented anti-CFA/I and anti-CfaE serum IgG and fecal IgA titers.
Mice vaccinated via the i.n. route mounted higher vaccine-specific
anti-CFA/I and anti-CfaE serum responses compared to mice im-
munized via the o.g. route, while these differences were only de-
tected in the vaccine-specific fecal IgA responses when the mice
received LTK63 as adjuvant (Fig. 1A to D). Antibodies elicited in
mice vaccinated with dscCfaE cross-reacted with CFA/I fimbriae
and vice versa (see Fig. S2A to D in the supplemental material),
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explainable by the composition of CFA/I fimbriae. LTK63-specific
antibody responses in serum (IgG) and feces (IgA) were also de-
tected in mice receiving LTK63, and higher titers were achieved after i.n.
vaccination (see Fig. S3A and B in the supplemental material).

The serum IgG subclass response pattern detected in vacci-
nated mice indicated a predominant IgG1 response with IgG1/
IgG2a ratios ranging from 2.2 (mice vaccinated via the o.g. route
with CFA/I�LTK63) to 39.8 (mice vaccinated via the i.n. route
with CFA/I) (see Fig. S2E and F in the supplemental material).
Notably, mice immunized via the i.n. route showed a tendency to

develop a more type 2-biased immune response pattern, with
higher antigen-specific IgG1 titers, than mice immunized via the
o.g. route.

Vaccine-specific IgA antibodies were detected in milk of vacci-
nated dams, as determined from gastric milk samples collected
from suckling mice, while in milk samples of sham-immunized
dams or dams immunized with LTK63 alone, only trace amounts
of vaccine-specific antibodies were measured (Fig. 1E and F). In
contrast, low or no significant amounts of vaccine-specific IgG
were detected in the milk samples of vaccinated dams. Similar

FIG 1 CFA/I- and CfaE-specific antibody responses elicited in female DBA/2 mice exposed to the vaccine regimen. Serum IgG (A and B) and fecal IgA (C and
D) responses were measured in samples collected from mouse groups vaccinated via the i.n. or o.g. route with three doses of CFA/I fimbriae (A and C) or dscCfaE
(B and D) admixed or not with LTK63. (A to D) Blood and fecal samples were collected 2 weeks after the first (�), second ( ), and third (�) vaccinations. (E
and F) Gastric samples of milk were collected from suckling pups born from dams vaccinated via the i.n. or o.g. route with CFA/I fimbriae (E) or dscCfaE (F) and
pooled before testing (IgG, �; IgA,�). Experiments to determine the CFA/I- and CfaE-specific antibody responses were independently performed between three
and six times. Serum samples were processed and tested individually. Values represent means of endpoint titers � the SD of three independent measurements.
Statistically significant differences are indicated with brackets (one-way ANOVA with Bonferroni’s test). P values are indicated by asterisks (*, P 	 0.05; **, P 	
0.01; ***, P 	 0.001).
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results were also found after measurement of LTK63-specific milk
IgA responses (see Fig. S3C in the supplemental material).

Anticolonization effects of antibodies generated in mice vac-
cinated with CFA/I or dscCfaE. An effective ETEC vaccine should
elicit antibodies that can block CFA/I-mediated adhesion of bac-
teria to host cell receptors. To evaluate the adhesion-neutraliza-
tion effect of antibodies raised in mice vaccinated with CFA/I or
dscCfaE, serum samples collected from vaccinated mice were
tested in a hemagglutination inhibition assay (HAI) using the
ETEC strain H10407 and human red blood cells. Similar tests were
conducted with Caco-2 cells using bacteria that were preincubated
with immune serum samples. As indicated in Table 1, sera from
mice immunized via the i.n. route with CFA/I or dscCfaE plus
LTK63 adjuvant showed higher HAI titers than sera from mice
immunized via the o.g. route with the same vaccine formulations.
Indeed, the ratios between the HAI titer and corresponding vac-
cine-specific IgG titer were approximately 2- to 3-fold higher
among mice vaccinated via i.n. delivery than among mice vacci-

nated via the o.g. route. When a fixed dilution of immune sera was
tested for the inhibition of binding to Caco-2 cells, the anti-CFA/I
and anti-CfaE sera showed adherence inhibition effects, and no
significant differences were measured between serum samples col-
lected from mice immunized via different administration routes
(Table 1 and see Fig. S4 in the supplemental material).

Dam immunization confers passive protection to neonates.
Prerequisite to passive protection studies, the LD50s of CFA/I-
ETEC strains H10407 and 258909-3 were defined. By interpola-
tion from pup survival rates in groups that received intragastric
challenge with each strain over a several log range of doses, the
LD50 for H10407 was found to be approximately 2 � 107 CFU, and
that for 258909-3 was approximately 1 � 106 CFU (Fig. 2), indi-
cating similar virulence levels in this model. By comparison, 100%
of pups survived challenge with the virulence plasmid-cured de-
rivative of 258909-3 (258909-3M; CFA/I�, enterotoxin negative)
at doses of 108 to 109 CFU, which was 10 to 100 times higher than
the lowest inoculum of 258909-3 that resulted in 100% mortality

TABLE 1 Antiadhesive effects (HAI and Caco-2 binding inhibition activity) of serum samples from mice after different vaccination regimens

Test seruma

Titerb Mean � SD

IgG ELISA HAI
Caco-2 cell binding
(%)c

No. of
bacteria/celld

Non-immune serum — — 95.3 � 2.7 24.0 � 5

-CFA/I�LTK63 (IN) 153,374 16,384 (0.10) 28.3 � 4.7 5.0 � 2.7

-CfaE�LTK63 (IN) 183,584 32,768 (0.17) 13.7 � 2.3 3.5 � 1.7

-CFA/I�LTK63 (OG) 40,402 2,048 (0.05) 35.7 � 5.3 5.0 � 2.3

-CfaE�LTK63 (OG) 73,470 4,096 (0.05) 27.0 � 2 4.2 � 2.7

-LTK63 (IN) — — 93.3 � 2.7 25.0 � 2.7

-LTK63 (OG) — — 92.7 � 4.3 22.7 � 4.3
a Pooled serum samples were tested independently at least three times, and each experiment was performed in duplicate.
b The antigen-specific (CFA/I or dscCfaE) IgG titers of serum pools were determined by ELISA using the corresponding homologous antigen. Hemagglutination inhibition (HAI)
titers are expressed as the reciprocal of the highest serum dilution that inhibited mannose-resistant hemagglutination (MRHA). Numbers in parentheses represent the HAI titer/
total IgG titer ratio for each tested vaccine formulation. —, below limit of detection.
c Values are expressed as percentages of Caco-2 cells with at least one adherent bacterial cell. Tests were performed using H10407 incubated with serum pools diluted to a final
concentration corresponding to a reciprocal titer of approximately 400.
d Values are expressed as mean numbers of bacteria bound per Caco-2 cell.

FIG 2 Determination of the survival curves of newborn DBA/2 mice after challenge with ETEC strains H10407 and 258909-3. Different numbers of viable cells
of H10407 (A), 258909-3 (B), and 258909-3M (mETEC) (B) were inoculated into the milk filled stomachs of neonatal mice up to 48 h after birth. The y axis values
correspond to the percentage of surviving animals over an observation period of 7 days. Deaths recorded within the first 24 h after the challenge were not included
in the results.
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(Fig. 2B). The absence of bacteremia in newborns challenged with
20� LD50 of H10407 was ascertained by blood culture and PCR
analyses for ETEC genes, using blood of pups sacrificed 48 to 72 h
after the challenge. Here, in the passive vaccination-challenge
studies, an inoculum corresponding to 20� LD50 for H10407 (4 �
108 CFU) or 258909-3 (2 � 107 CFU) was used in pup challenges.

Neonatal mice born from dams that were vaccinated i.n.
with adjuvanted CFA/I fimbriae or dscCfaE showed more than
85% survival after 20� LD50 challenge with H10407, while
neonates born from dams vaccinated by the o.g. route with
CFA/I or dscCfaE admixed with LTK63 showed survivals of 63
and 85%, respectively (Fig. 3A and B). In contrast, no signifi-
cant protection was observed in neonates born from dams im-
munized with just LTK63 when challenged with H10407 (Fig.
3A and B). The attribution of significant neonatal survival ad-
vantage to maternal mucosal vaccination with dscCfaE or
CFA/I prompted further study to define the contribution of
transplacental versus lacteal antibodies.

In crossover experiments, litters born from nonvaccinated
dams experienced survival rates ranging from 62 to 96% when
fed by foster dams vaccinated with CFA/I plus LTK63 (o.g.) or
dscCfaE plus LTK63 (i.n.), respectively (Fig. 3C and D). In
contrast, irrespective of maternal vaccination regimen, litters
born to vaccinated dams but suckled by nonvaccinated dams
showed survival rates of �20% after 20� LD50 challenge with
H10407 (Fig. 3C and D). These differences were statistically
significant and indicate that the protective immunity acquired
by neonatal mice involves the passive lacteal route. In agree-
ment, relatively low anti-CFA/I, anti-CfaE, or anti-LTK63 IgG
titers were detected in sera of the offspring of vaccinated dams
(see Fig. S5 in the supplemental material). In addition, gastric
milk samples from pups fed by vaccinated dams had elevated
levels of CFA/I and CfaE-specific IgA antibodies (Fig. 1E and
F). Similarly, anti-LTK63 milk IgA levels were elevated in all
groups receiving LTK63 (see Fig. S3C in the supplemental ma-
terial).

FIG 3 Mucosal immunization of female DBA/2 mice confers passive protection to newborns to lethal challenge with the CFA/I-ETEC strain H10407. (A and B)
Survival curves of newborn mice challenged with 4 � 108 CFU (20� LD50) of H10407 and born from dams vaccinated via the i.n. (A) or o.g. (B) route. Dams were
mated during the vaccination period and allowed to feed their offspring during the observation period. (C and D) Neonatal mice born from nonvaccinated dams
were transferred to foster dams vaccinated with different immunization regimens, and neonatal mice born to vaccinated dams were transferred to nonvaccinated
dams, as indicated in the figure. Pup survival was monitored over a total period of 8 days. Mice that died in the first 24 h after challenge were not included in the
results. The numbers of animals challenged in each vaccination group are indicated (in parentheses) at the bottom of the panels. P values were calculated by
two-tailed Fisher exact test comparing survival rate to the referent PBS-treated control group (PBS) (A and B) or between groups fostered by vaccinated (closed
symbols) or nonvaccinated (open symbols) dams treated with the same vaccine formulation (C and D). P values are indicated for each comparison by asterisks
(*, P 	 0.05; **, P 	 0.001; ***, P 	 0.001). In addition, a Mantel-Cox test was applied to the same groups (not indicated in the figures), taking into account the
complete curves leading to a P value of 	0.0001.
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Characterization of anti-CFA/I and anti-CfaE bovine colos-
tral IgG preparations and passive protection studies. Bovine hy-
perimmune anti-CfaE and anti-CFA/I colostral antibody prepa-
rations were produced, which were rich in IgG (37 and 43% IgG by
weight, respectively) and exhibited high antigen-specific antibody
titers (see Fig. S6). When compared in the HAI assay, the lowest
concentration of the anti-CfaE (12 �g/ml) and anti-CFA/I (12
�g/ml) bovine colostral IgG (bIgG) preparations that completely
inhibited human erythrocyte MRHA was identical.

Different dilutions of both the anti-CFA/I and the anti-CfaE
bIgG preparations (ranging from 5 to 0.001 mg/dose) were mixed
with a 20� LD50 of CFA/I-ETEC strain 258909-3 bacteria before
intragastric inoculation into neonatal mice born to nonvaccinated
dams. Each preparation was associated with a dose-dependent
improvement in neonatal survival after ETEC challenge, confer-
ring �76% survival at amounts at or above 0.005 mg (corre-
sponding to 1:1,000 dilution) for the anti-CFA/I preparation, and
at or above 0.010 mg (corresponding to 1:500 dilution) for the
anti-CfaE preparation (Fig. 4).

DISCUSSION

As greater attention is focused on the development of human vac-
cines against ETEC, it has exposed the need for improved animal
models for vetting new vaccine candidates. This is particularly the
case for vaccines directed against human CFs, since these factors
are species specific and are not evaluable in native animal ETEC
disease models (47, 48). Here, the lethal neonatal mouse challenge
model was used to test a novel, prototype ETEC fimbrial tip ad-
hesin vaccine. We first expanded the model by establishing the
conditions for lethal challenge with a second CFA/I-ETEC strain,
H10407, and then demonstrated the efficacy of dam vaccination
with CFA/I fimbriae or its tip adhesin dscCfaE in preventing suck-
ling pup mortality following H10407 challenge. Findings from
crossover experiments implicated passive lacteal immunity in
protection. In concordance with these findings, a dose-dependent
improvement in pup survival was observed following preincuba-
tion of hyperimmune antifimbrial (CFA/I) or antiadhesin (dsc-

CfaE) bovine colostral IgG with the inoculum of a second previ-
ously established CFA/I-ETEC challenge strain before challenge of
pups from nonimmunized dams.

To adequately test the hypothesis that the CFA/I fimbrial tip
adhesin functions as a protective antigen in the neonatal mouse
model, it was important to first define regimens for dam vaccina-
tion that elicited solid vaccine-specific antibody responses in both
the systemic and mucosal compartments. When administered to
adult female mice by i.n. or o.g. vaccination, CFA/I and dscCfaE
stimulated significant vaccine-specific serum IgG and fecal IgA
responses, which were potentiated by coadministration of the
LTK63 adjuvant. In the adjuvanted groups, fimbria- and adhesin-
specific serum and fecal antibody responses were significantly dif-
ferent between the two routes of administration. The functionality
of serum antibodies elicited by CFA/I and dscCfaE vaccination
(each with LTK63) was apparent from their inhibitory effects in an
HAI assay and on H10407 binding to Caco-2 cells in tissue culture.
Notably, administration of the vaccine formulations by the i.n.
route consistently resulted in higher antigen-specific IgG and IgA
responses compared to animals immunized via the o.g. route. The
superiority of immune responses after i.n. administration of
5-fold lower doses of adhesin or fimbriae may be explained in part
by more efficient vaccine uptake in the nasopharynx and the
avoidance of exposure to acid hydrolysis and enzymatic degrada-
tion on gastrointestinal transit after o.g. administration.

Based on the robustness of induced immune responses, four
different dam vaccination regimens, CFA/I�LTK63 by i.n. and
o.g. vaccination and dscCfaE�LTK63 vaccination by the same
two routes of delivery, were carried forward into subsequent dam
vaccination-pup challenge experiments. Indeed, pups produced
and suckled by dams vaccinated antenatally with each of these
four regimens experienced a significant survival advantage over
pups from sham-immunized dams after H10407 challenge. Con-
currently, we also showed that vaccine-specific IgA titers were
detectable in ingested milk samples after dam vaccination with
CFA/I�LTK63 and dscCfaE�LTK63. In crossover experiments,
pups born to nonimmunized dams and suckled by dams immu-

FIG 4 Anti-CFA/I and anti-CfaE bovine colostral IgG preparations protected newborn mice against a lethal challenge with the CFA/I-ETEC strain 258909-3.
Groups of DBA/2 mice were inoculated with 2 � 107 CFU (20� LD50 for 258909-3) previously incubated with different amounts of the anti-CFA/I (A) or the
anti-CfaE (B) bIgG preparation. The survival curves were established over a period of 1 week. Deaths recorded in the first 24 h after the challenges were not
considered. The number of pups used to test each bIgG preparation ranged from 21 to 37. P values were calculated by two-tailed Fisher exact test in which the
last values of the survival curves were compared to those corresponding to the reference group (skim milk) and are indicated by asterisks (*, P 	 0.05; **, P 	
0.001; ***, P 	 0.001). In addition, a Mantel-Cox test was applied to the same groups (not indicated in the figures), taking into account the complete curves
leading to a P value of 	0.0001.
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nized with each of these four regimens experienced higher survival
rates after H10407 challenge than did pups born to dams receiving
the corresponding vaccination regimen and suckled by nonim-
munized dams. This fits with our understanding that newborn
mice primarily acquire maternal antibodies in the postnatal pe-
riod by absorption from colostrum and milk, while prenatal trans-
placental transfer of antibodies plays a minor role (49). Lastly,
preincubation of CFA/I-ETEC strain 258909-3 with anti-CFA/I
and anti-CfaE bovine colostral IgG over a range of concentrations
prior to use in intragastric challenge of pups resulted in a dose-
dependent increase in survival compared to controls in which the
inoculum was incubated with skim milk. Its use here provided a
bridge back to previous neonatal mouse challenge studies where
this strain, distinct from H10407 in its O:H serotype, had been
used to test CfaB-based ETEC vaccines (31–33).

The weight of evidence presented here supports the hypothesis
that dscCfaE functions as a protective antigen in the neonatal
mouse challenge model. Establishment of challenge conditions
and the LD50 for H10407 enabled the incorporation of this CFA/
I-ETEC strain into the dam vaccination-pup challenge experi-
ments, in harmonization with volunteer studies in which H10407
has been widely used (38). Demonstration of the protective effi-
cacy of antifimbrial antibodies in the neonatal mouse model is
concordant with a prior neonatal mouse study (32) and, more
importantly, with a volunteer study in which hyperimmune anti-
CFA/I bovine milk IgG conferred passive protection against chal-
lenge with H10407 (10), lending credibility to the innovative find-
ing that dscCfaE vaccination also conferred passive protection in
the neonatal mouse challenge model. It is important to note that
dam vaccination with LTK63 alone by either i.n. or o.g. routes did
not confer any survival benefit to suckling pups, indicating that
protection in this model was specifically attributable to antifim-
brial and antiadhesin antibodies. The absence of protection attrib-
utable to LTK63 as shown here contrasts with vaccine field trial
findings showing that LT and the related cholera toxin B-subunit
(CTB) were associated with short-term, partial protection against
ETEC (12–14). Possible explanations for this incongruity include
the use here of an overwhelming challenge dose (20� LD50) and
the fact that H10407 expresses two ST toxins (STh and STp) in
addition to LT.

It is worth considering some limitations of the studies pre-
sented herein. First, more specific, corroborative evidence for the
role of CFA/I fimbriae in disease and death of neonatal mice might
have been obtained by comparative challenge with an isogenic
CFA/I� mutant of H10407, an experiment precluded by our lack
of such a strain. However, the nonlethality of a plasmid-cured,
CFA/I� and enterotoxin-negative derivative of wild-type strain
258909-3 suggests that intestinal adherence and/or enterotoxicity
contributes to virulence in this model. Second, a relatively high
inoculum was required to achieve lethality following neonatal
DBA/2 mouse challenge with these human ETEC strains. The
LD50 of both 258909-3 and H10407 (106 to 107 CFU) is several
logs higher than that for lethal neonatal mice challenge models
with bovine and porcine ETEC (30, 37, 46, 50), and other in-
bred mouse strains such as CBA may offer higher pup suscep-
tibility at lower doses of H10407 (36). We found, however, that
maternal aggression and high rates of pup cannibalism limited
the utility of the CBA mouse strain in the evaluation of passive
protective neonatal immunity (unpublished observations).
Lastly, the cause of pup death after CFA/I-ETEC challenge was

not explicitly investigated, other than ruling out bacteremia as
a contributory factor. Although pathophysiological studies in-
dicated that death following outbred murine pup challenge
with porcine ETEC strains is attributable to diarrhea and he-
modynamic instability (30), similar evidence in the context of
our model with DBA/2 mice and CFA/I-ETEC challenge must
be gathered to reinforce its relevance to human disease.

In prior studies of an infant mouse colonization model with
outbred ICR mice, H10407 more efficiently colonized the intes-
tine than H10407P, a derivative strain missing the large, CFA/I-
encoding virulence plasmid, suggesting that CFA/I plays a role in
mouse intestinal colonization (35). It has also been shown that
dam vaccination with CfaB, the major subunit of CFA/I fimbriae,
using DNA vaccine priming and boosting with CfaB-expressing
live vaccines, improved the survival of suckling mice (31, 33).
These findings, together with those presented here, imply that
CFA/I-mediated adherence to the intestinal mucosa is a necessary
step in the disease process leading to death and is impeded by
antifimbrial and antiadhesin antibodies.

The relevance of the findings presented herein to human ETEC
diarrhea and prevention, particularly as it relates to the protective
role of CfaE, remains to be established. There is convincing evi-
dence indicating that CFA/I fimbriae can serve as a protective
antigen (9–11), and further proof-of-principle is awaited from
clinical studies of CFA/I-containing live and inactivated whole-
cell ETEC vaccines currently in development (17–19). In vitro
studies indicate that CfaE plays an essential role in binding of
CFA/I-ETEC to intestinal cells (6, 51). The findings reported here
further suggest that dscCfaE, a highly stable, conformationally
intact variant of the CFA/I fimbrial tip adhesin, can elicit antibod-
ies that confer passive protection in the neonatal mouse challenge
model. A forthcoming passive oral immunoprophylaxis study in
volunteers with hyperimmune antiadhesin (CfaE) bovine colos-
tral antibodies will clarify the clinical relevance of our findings in
this small animal model.
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